We construct a Mach-Zehnder interferometer using Bose-Einstein condensed rubidium atoms and optical Bragg diffraction. In contrast to interferometers based on normal diffraction, where only a small percentage of the atoms contribute to the signal, our Bragg diffraction interferometer uses all the condensate atoms. The condensate coherence properties and high phase-space density result in an interference pattern of nearly 100% contrast. In principle, the enclosed area of the interferometer may be arbitrarily large, making it an ideal tool that could be used in the detection of vortices, or possibly even gravitational waves. PACS number(s): 03.75. Fi, 03.75.Dg, 39.20 
where all the atoms contribute to the signal due to the condensate's extremely narrow velocity spread. We achieve nearly the maximum contrast of 100 % with a good single-shot visibility.
Bragg diffraction occurs when the atomic matter wave (a BEC nearly at rest) is coherently scattered by a moving, optical, standing wave formed by counter-propagating laser beams of slightly different frequencies. The mechanism of Bragg diffraction can be most easily understood as a two-photon stimulated Raman process [9] , where photons from one laser beam are coherently scattered into the other, changing the atomic momentum in the process. The frequency difference between the two counterpropagating Bragg beams is chosen to correspond to the energy difference between the two momentum states. In principle, the initial momentum state |p = 0 k> can be coupled to any momentum state |p = 2n k> (n integer) using n th -order Bragg diffraction. In our case we choose to couple momentum states |p = 0> and |p = 2 k> (k =2π/λ, and λ = 780 nm is the laser wavelength). The momentum-space wavefunction of a condensate (initially in state |p = 0>) continuously irradiated with Bragg diffraction beams will oscillate between the two coupled momentum states just as if it were a two-level system. The effective oscillation frequency is Ω eff = Ω 1 Ω 2 /2∆, where Ω 1 and Ω 2 are the resonant Rabi frequencies of two Bragg beams, and ∆ is the detuning of the beams from the optical transition [11, 15] . As mentioned earlier, an arbitrary percentage of the atoms can be transferred to the |p = 2 k> momentum state by properly adjusting the intensity, detuning, and/or duration of the Bragg pulse.
This closed two-level system can be most easily thought of as a fictitious spin 1/2 system, where we define |g> ≡ |p = 0 k>, and |e> ≡ |p = 2 k>. As usual, a π/2 (π) pulse is one that results in transferring half (all) of the atoms from |g> to |e>. More precisely, the state vector of the system under a π/2-pulse obeys the transformation equations |g>→ (|g>−e −iϕ |e>)/ 2 , and |e>→ (e +iϕ |g>+|e>)/ 2 . Here ϕ is the phase of the moving standing wave in the center of the initial atomic wavepacket |g> in the middle of the Bragg pulse. Changes in ϕ are measured with respect to the phase of the resonant, moving standing wave.
Successive application of this transformation shows that under a π-pulse |g>→ − e −iϕ |e>, and |e>→ e +iϕ |g>.
We can therefore use a π/2 (π) pulse as an ideal beamsplitter (mirror) for the condensate.
We prepare a BEC of rubidium atoms using a dc magnetic trap and a standard evaporation strategy [1, 16] . Briefly, we first trap about 10 9 87
Rb atoms in an ultra-high vacuum glass cell using a double magnetooptical trap [17] . The atoms are then transferred into a cloverleaf magnetic trap [18] and cooled using rf- This yields very clean and unambiguous signals since the action of the interferometer is mapped into the probability of observing atoms in two spatially separated regions.
The moving, optical, standing wave is generated using two counter-propagating laser beams with parallel linear polarization but slightly different frequencies. These two laser beams are derived from a single diode laser using acousto-optic modulators, and the spatial mode of each beam is purified by passing them through single-mode fibers. The light propagates parallel to the symmetry (long) axis of the trapped condensate, and the frequency difference between the two laser beams is δ = 15 KHz. This relative detuning corresponds to the two-photon recoil energy for rubidium mentioned earlier. Our laser intensities were chosen such that Ω 1 /2π = Ω 2 /2π ≅ 5 MHz. To suppress spontaneous emission we used a detuning ∆/2π = 2GHz. These parameters result in an effective two-photon Rabi frequency of Ω eff /2π ≅ 6.3 kHz.
The experimental schematic of our atom interferometer is shown in Fig. 1 . The momentum-space condensate wavefunction Ψ, initially in state |g> (|p = 0 k>), is coherently split by the first (π/2) pulse and becomes Ψ 1 = (|g>−|e>)/ 2 . Here, without the loss of generality, we have chosen ϕ = 0 (when ϕ ≠ 0 there is an additional, physically meaningless global phase multiplying the final wavefunction). In real space these two different momentum states begin to separate and, after a delay ∆T (measured from the center of successive Bragg pulses), the second (π) pulse is applied, producing Ψ 2 = − −(|g>+|e>)/ 2 . Now the two spatially separated parts of Ψ 2 begin to converge because the action of the π-pulse was effectively that of a mirror in momentum space. After another equal delay ∆T, the two parts of Ψ 2 from the two different coordinate-space paths overlap completely, and the third (π/2) pulse is applied yielding Ψ 3 = −|g>. In this case the probability of finding the atoms in the initial state |g> after the sequence of three Bragg pulses is
, regardless of the delay ∆T between the pulses. If, however, the phase of the moving, ∼0.1π phase shift in the fringe pattern of Fig. 3 . This phase shift corresponds to an angle misalignment of a few degrees from perpendicular, which is well within our experimental uncertainty.
The chosen pulse interval of 190 µs corresponds to a 2.2 µm separation of the two arms of the interferometer, or about six times the period of the optical standing wave made by the Bragg beams. Since the size of the condensate in the direction of momentum transfer is roughly 50 µm, ∆T > 5 ms is necessary to separate completely the two arms of the interferometer. However, we found that when ∆T > 2 ms, reproducibility of the interference pattern deteriorates significantly. When ∆T=3 ms, the resulting fringe pattern is completely random, ranging from 0 % to 100 %. This indicates that the recombining wavepackets are fully coherent, even though their relative phase is not well controlled. The phase stability of the Bragg beams was measured with a homodyne detection technique and was found to be shorter than 1 ms. This explains the lack of reproducibility at long ∆T and we suspect that the random relative phase is due to mechanical vibration of the numerous mirrors used for the Bragg beams. We believe that a stable signal contrast of 100 % visibility can be achieved at long ∆T by actively stabilizing these critical Bragg mirrors. This would mean that we could realize a stable interferometer whose two arms were completely separated in space, resulting in a very large enclosed area.
The Bragg interferometer presented here is a novel tool that can be used to study the phase properties of condensates. For example, it should be possible to detect the phase signature of a vortex in a Bose-Einstein condensate with this interferometer [12] . A vortex state could be created in one arm of the interferometer and analyzed by interfering it with the other arm. The resultant momentum-space map of the condensate phase after the final π/2-pulse could then be analyzed with conventional imaging techniques [1] . In 
